Introduction
Transient lower esophageal sphincter relaxation (TLESR) is defined as lower esophageal sphincter relaxation that is induced spontaneously without swallowing. TLESR is a physiological mechanism that enables venting of gas from the stomach. 1 TLESR occurs in patients with gastroesophageal reflux disease (GERD) and in controls. Stomach distension, such as that caused by intragastric air and food, triggers a vasovagal reflex that results in TLESR. This reflex acts as a protective mechanism by preventing the accumulation of excess gas in the stomach or gas from entering the duodenum.
Since Dent et al 2 first described TLESR, it has been reported to be the main physiological mechanism in patients with GERD. [2] [3] [4] When TLESR was first identified, it was hypothesized that GERD patients would have a higher rate of TLESR. However, the majority of studies showed a similar rate of TLESR in healthy subjects and in GERD patients. [5] [6] [7] [8] These indicated that acid reflux occurs at a higher frequency during TLESR in patients with GERD than in healthy subjects. 9 Many studies have reported the mechanism of TLESR in GERD patients. High-resolution manometry (HRM) has been developed and used to study GERD. HRM is the latest development in esophageal pressure recording. This technique is rapidly gaining recognition, and many expect that it will largely replace conventional manometry. Thus, the advent of HRM will assist investigations of esophageal motor dynamics and the mechanism of TLESR. In this study, we analyzed the characteristics of TLESR and related responses using HRM in GERD patients and a control group.
M aterials and M ethods

Patients
Nine patients with GERD at the Soonchunhyang University Bucheon Hospital from June 2010 to July 2010 were prospectively enrolled in this study. The other nine subjects were registered as healthy individuals and used as controls. Inclusion criteria in the GERD group were: a previous diagnosis of typical reflux symptoms, response to a proton pump inhibitor, and evidence of reflux esophagitis on endoscopic examination. Exclusion criteria were: subjects who had previous gastrointestinal surgery, hiatal hernia, or were taking medications known to affect gastrointestinal motor function or acid secretion. The control group included the healthy volunteers without reflux symptoms and objective endoscopic findings of GERD. The mean age of the GERD group was 51 years and that of the control group was 49 years. The sex ratio was not different between the 2 groups (Table) . This study was approved by our institutional review board.
Methods
The HRM unit used in this study was a solid-state manometric assembly (4.2-mm outer diameter) with 36 circumferential pressure sensors spaced at 1-cm intervals (Sierra Scientific Instruments Inc., Los Angeles, CA, USA). Manometric data were analyzed using the ManoView analysis software (Sierra Scientific Instruments Inc.).
Studies were performed after an at least 8-hour fast, and the manometric assembly was positioned to record from the hypopharynx to the stomach using 5 intragastric sensors. The catheter was fixed in place by taping it to the nose. The manometric protocol included a 5-minute period for assessment of basal sphincter pressure and 10 water swallows of 5 mL each. Before recording, the pressure transducers were calibrated at 0 and 300 mmHg using externally applied pressure. Patients underwent trans-nasal placement of the manometry assembly, and the assembly was positioned to record from the hypopharynx to the stomach.
Recording was started and continued for 120 minutes after meal ingestion. The standardized, mixed liquid and solid meal consisted of 540 kcal and was composed of rice, sesame porridge, and 200 mL of whole milk, as suggested by a dietician at our hospital. Following meal ingestion, the subjects were situated in a semi-recumbent position and were requested to minimize head movements.
TLESR was defined according to previously published criteria adapted for HRM. 10 TLESR was identified as follows: absence of swallowing from 4 seconds before to 2 seconds after the onset of LES relaxation, LES relaxation rate of ≥ 1 mmHg/sec, a time from the onset to complete relaxation of ≤ 10 seconds, and a nadir pressure < 2 mmHg. LES relaxations that lasted for more than 10 seconds and that were associated with a swallow within 5 seconds before or 2 seconds after the onset of LES relaxation were also included as TLESRs. According to the modified criteria, inhibition of the crural diaphragm, prominent LES after-contraction, and the presence of esophageal common cavity were accepted as additional criteria.
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LES and esophageal pressure recordings were displayed as HRM color plots. TLESR was classified as complete and incomplete types which were described by Mittal et al. 11 Complete TLESR was defined as an end-expiratory LES pressure of < 2 mmHg at the peak of relaxation. Incomplete TLESR was defined as an end-expiratory LES pressure of > 5 mmHg during relaxation. 11 Esophageal shortening length during TLESR was calculated by LES lift estimated for incomplete TLESR (Fig. 1 ). The esophageal common cavity was defined as a sharp and sustained rise in end-expiratory esophageal pressure of ≥ 4 mmHg in association with TLESR. 12 The upper esophageal sphincter (UES) pressure during TLESR was monitored by HRM. The UES responses were classified as a UES pressure increase, a UES pressure decrease, and UES relaxation. A UES pressure increase was considered when the UES pressure increased by ≥ 10 mmHg from the baseline UES pressure. 13, 14 A UES pressure decrease was defined when the UES pressure decreased by ≤ 10 mmHg from the baseline UES pressure. UES relaxation was identified as a rapid drop of at least 10 mmHg in the UES pressure only if not accompanied by primary peristalsis. 13 UES relaxation was defined as complete if the nadir pressure was < 5 mmHg of the proximal esophageal pressure. TLESR-terminating esophageal motor events were identified in each group as (1) primary peristalsis (PP), defined as a full propagating wave from UES to LES swallow-related UES relaxation and pharyngeal contraction; (2) full secondary contraction (FSC), defined as a full propagating wave form of UES to LES without UES relaxation and pharyngeal contraction; and (3) partial secondary contraction (PSC), defined as a secondary contraction wave originating below the level of the UES. 15 
Statistical Methods
Between the 2 groups, categorical variables were assessed using the Chi-square test or Fisher's exact test, and noncategorical variables were compared using Wilcoxon's rank-sum test. The frequency and duration of TLESR, extent of esophageal shortening, and frequency of UES relaxation were summarized using medians and 5th-95th percentile ranges or means ± standard deviations, unless otherwise indicated. A P-value < 0.05 was considered to indicate significance.
Results
Transient Lower Esophageal Sphincter Relaxation Characteristics
Manometry was well-tolerated by all 18 subjects, and they had normal deglutitive esophagogastric junction (EGJ) relaxation. We recorded and analyzed 67 TLESR events with a median of 3.5 (range, 0-13) events per subject during the 120-minute postprandial period. The frequency of TLESR was 33 in the GERD group and 34 in the control group. The median number of TLESR events was not significantly higher in the GERD group (n = 3.5) than those in the control group (n = 3.6). Incomplete TLESR was more common than complete TLESR in both groups. Fifty-two incomplete TLESR events were analyzed, and the ratio of incomplete TLESR to total TLESR events was not different between the 2 groups. No difference in the mean duration of TLESR or the mean length of esophageal shortening was observed between the 2 groups. The median duration of a TLESR event was 16.1 ± 3.9 seconds in the GERD group and 17.9 ± 7.0 seconds in the control group (P = 0.863). The mean length of esophageal shortening was 10.2 ± 7.1 mm in the GERD group and 9.8 ± 10.2 mm in the control group (P = 0.372) (Table) .
Basal Upper Esophageal Sphincter Pressure Change and Upper Esophageal Sphincter Relaxation During Transient Lower Esophageal Sphincter Relaxation
Patients with GERD showed primarily increasing UES pressure during TLESR. Twenty-five TLESR (75.8%) events revealed increasing UES pressure in the GERD group. However, only six were associated with increasing UES pressure in the control group. The frequency of increasing UES pressure differed between the groups (P = 0.001) (Fig. 2) . The percentages of UES relaxation were 21.2% in the GERD group and 73.5% in the control group (P = 0.001).
Transient Lower Esophageal Sphincter Relaxation Terminating Esophageal Motor Events
PSC was the major motor activity that terminated TLESR in both groups. The percentages of TLESR events terminated by PP, FSC and PSC were 24.2%, 3.0% and 45.5% in the GERD group, respectively. The percentages of TLESR events terminated by PP, FSC and PSC in the control group were 44.1%, 17.6% and 35.3%, respectively. About 27.3% of TLESR events did not accompany motor events in the GERD group, compared with 2.9% in the control group (P = 0.005).
Discussion
TLESR events comprise the main mechanism leading to acid reflux and are responsible for 70% of acid-reflux episodes. 2, 12, [16] [17] [18] [19] Since GERD is characterized by reflux, TLESR plays an important role in the etiology of this condition. HRM is a relatively new technique that allows visualization of esophageal pressure and identification of TLESR. HRM uses a large number of closely placed solid-state pressure transducers so that intraluminal pressure can be monitored as a continuum, much as time is viewed as a continuum on line tracings during conventional manometry. HRM has several advantages compared with conventional manometry. HRM is simpler to set up and has improved sphincter localization; moreover, movement of the catheter relative to the LES does not impair data quality. Additionally, HRM allows a more detailed view of pressure in the LES, esophageal body and UES. Furthermore, HRM can be interpreted simply and requires a shorter procedural time than conventional manometry. Thus, HRM will replace conventional manometry utilizing a line-tracing format. HRM is more efficient than conventional manometry for detection and analysis of TLESR. It provides increased sensitivity by the almost continuous monitoring through the pressure transducers. Therefore, it can decrease the artifacts resulted from probe movement or esophageal shortening. 20, 21 When TLESR was first identified, it was expected that GERD patients would have a higher rate of TLESR. However, the majority of studies report a similar rate of TLESR in healthy subjects and GERD patients. [5] [6] [7] [8] Schneider et al 22 reported that the frequency of TLESR was more than twice as high in patients with GERD compared to healthy control group. 22 Thus, there is debate about whether the frequency of TLESR is increased in patients with GERD. To-date, most studies of TLESR frequency used conventional manometry; few used HRM. Thus, it is meaningful that we examined TLESR using HRM. In our study, the frequency of TLESR in the GERD group was similar to that in the control group. In contrast, several studies have reported that TLESR in patients with GERD is more correlated with acid reflux than that in the normal population. This means that a higher percentage of TLESR events is associated with gastroesophageal reflux in patients with GERD. 9 Because we did not monitor pH during this study, we did not assess the amount of acid reflux during TLESR. TLESR is triggered by gastric distension, which induces an autonomic reflex. Some investigators have reported that contraction of the distal esophageal longitudinal muscle occurs during TLESR. [23] [24] [25] So, longitudinal muscle contraction is a key event during TLESR. In 2006, Pandolfino et al 24 reported a TLESR study using HRM and radio-opaque clips. That study showed that the key events leading to EGJ opening during TLESR were LES relaxation, crural diaphragm inhibition, esophageal shortening, and a positive pressure gradient between the stomach and the EGJ lumen. Similar to the present study, esophageal longitudinal muscle contraction (LMC) occurred after the onset of LES relaxation and was correlated with acid reflux. 24 However, in 2010, Schneider et al 22 reported that esophageal LMC is restricted to the distal esophagus, begins before TLESR onset, and is sustained during the entire TLESR duration. The authors proposed that LMC of the esophagus may be the primary motor event, and that the LES and crural diaphragm could be secondary. 22 This result was significant because it suggested for the first time that LMC could be used to develop new medications for GERD. Mittal et al 11 reported a feasibility study in which LES lift seen on HRM was a possible surrogate marker for LMC. Their findings indicated that LES lift during incomplete TLESR suggests a possible cause and effect relationship between LMC and LES relaxation. They classified TLESR as complete and incomplete types. Complete TLESR was defined when the residual LES pressure was ＜ 2 mmHg at the peak of relaxation, and incomplete TLESR was defined when the residual LES pressure during relaxation was ＞ 5 mmHg. During complete TLESR, LES lift could not be measured, because the LES was completely relaxed. However, LES lift could be measured during incomplete TLESR. Although it was significant that LMC could be measured only by HRM, there was a difference in the degree of LES relaxation and LES lift between patients with GERD and a healthy control group. Thus, we hypothesize that the esophageal motor responses and LMC during TLESR in patients with GERD may be different compared to those in the healthy population. We compared the length of esophageal longitudinal muscle shortening by measuring LES lift during incomplete TLESR in both GERD patients and controls. Although this is not a direct method of LMC estimation, we analyzed our manometric data under the precondition that LES lift reflects LMC on HRM. 11 No difference in the degree of shortening of esophageal longitudinal muscles was identified in the GERD and control groups. Our data also suggest that the mean duration of TLESR was not different between the GERD and control groups. However, the differences in UES pressure change, UES relaxation, and related motor responses during TLESR explain esophageal dynamics in subjects with and without GERD. We assume that the UES pressure increase and infrequent UES relaxation in the GERD group resulted from GERD itself, and that the two UES responses were secondary motor responses due to the more acidic fluid refluxate. 26 These motor actions probably protect the larynx, pharynx and lung from the harmful refluxate.
14 TLESR usually terminates by esophageal contractions, including PP and secondary contractions. 15 Such esophageal contractions promote fast esophageal emptying of refluxate into the stomach. In our study, patients with GERD had a relatively high proportion of TLESR without later esophageal contraction compared with that of controls. Delayed esophageal emptying of refluxate may worsen the esophageal environment after gastroesophageal reflux. Extended refluxate contact time induces esophageal mucosal damage. Our study had several limitations. First, it was observational and included a small number of patients. Second, LES lift was estimated only for incomplete TLESR. We were unable to calculate the height of esophageal shortening during complete TLESR. However, complete TLESR may be more important than incomplete TLESR in the pathogenesis of GERD. Third, we did not consider GERD severity. Fourth, our testing was performed using only HRM and did not include other tools for estimating esophageal motor and biological functions.
In conclusion, TLESR events did not differ between the GERD and control groups. UES responses after TLESR were reasonably regulated in patients with GERD. However, the paucity of TLESR-related esophageal contractions may be a con- cern in terms of enhanced mucosal damages in GERD patients.
